2000)
, accounting for the species-dependent variations. structure of T. thermophilus (1GIY; L9, L25), respectively. Model building began by generating a multiple In addition, ribosomal proteins from E. coli were modsequence profile for each one of the E. coli sequences eled by comparative protein structure prediction based and the potential template structures. Next, the seon their sequence similarity to structurally defined hoquence-structure matches for model building were obmologs from other species (Martí-Renom et al., 2000) .
tained by aligning the profile of each E. coli sequence The building of the models was guided mainly by the against the sequences of the template structures using experimental density maps obtained from cryo-EM. The PSI-Blast (Altschul et al., 1997), and also by aligning the atomic structures of RNA and protein were cut into profiles of the template structures against the E. coli pieces of presumed stability and fitted into the experisequences using IMPALA (Schaffer et al., 1999) . Alignmental density map while observing stereo-chemical ments that had a significant e-value and covered distinct constraints. In the light of the atomic models that repreregions of the E. coli sequences were then chosen for sent the two states of the ratchet-like movement, modeling. Models were calculated for each one of the we analyzed the local molecular conformational resequence-structure matches using MODELLER (Sali arrangements of RNA and proteins. Our study shows and Blundell, 1993). The resulting models were then that the most extensive molecular rearrangements are evaluated using statistical potentials of model compactseen in the ribosomal proteins. Specifically, proteins ness, the sequence identity of the sequence-structure S13, S19, L2, L5, and L14 are seen to be involved in the match, and energy z-scores to assess the quality of the control of the relative movement of the subunits through model. The final selection of models for docking was their inter-subunit bridges.
determined from the e-value of the alignment, the quality of the final model, and the quality of the template struc- RNA and protein structures, each as a rigid body, into The E. coli 70S ribosome consists of two subunits, the cryo-EM density maps using the interactive program which are designated as the 30S subunit, comprising O (Jones et al., 1991). The initial position of each RNA 16S rRNA (1542 nucleotides) and 21 proteins, and the structure and protein was taken from the position of the 50S subunit, comprising 23S rRNA (2904 nucleotides), corresponding crystal structure template. 5S rRNA (120 nucleotides), and 36 proteins. The models The program RSRef (Chapman, 1995), a real-space of E. coli 23S rRNA and 5S rRNA were generated from refinement module for the TNT program (Tronrud et al., the crystal structure of H. marismortui (PDB code 1FFK), 1987), was employed for automatically and simultanewhile the model of E. coli 16S rRNA was generated from ously refining both the stereochemistry and the fit of the crystal structure of T. thermophilus (PDB code 1IBL).
the atomic structures to the density map. Since the The molecular modeling package Insight II (Accelrys resolutions of the experimental density maps are not Inc.) was used to model the sequences of the ribosomal suitable for refinement of independent atoms, a multi-RNA of the E. coli based on the crystal structures and rigid-body refinement was employed. The progressive also to model the helices 38, 43, 44, 69, and 76 of 23S cutting into smaller rigid units of RNA and protein was rRNA, which were unresolved in the H. marismortui 50S based on the statistics of both the stereochemistry and structure. the fit to the density map in each round of refinement. All of the E. coli ribosomal protein structure models Initially, the RNA was cut into domains and each protein were calculated by ModPipe, a completely automated molecule was treated as a single rigid body. Real-space large-scale protein structure-modeling pipeline (Sanrefinement produced significant overall improvement, chez and Sali, 1998; Pieper et al., 2002). The crystal but a large number of the poor van der Waals contacts structures of the proteins from the small subunit of T.
could not be resolved, and some local areas, such as thermophilus (PDB code 1FJG) were chosen as the the spur and beak regions of the 30S subunit, showed structural templates to model 19 proteins of the 30S substantial conflicts with the density map. Inspection small subunit (S2-S20) of E. coli. For proteins of the 50S
showed that the regions of poor fit to the experimental subunit, 29 out of all the 36 E. coli proteins were modeled density map and an excessive number of close contacts based on the 50S crystal structure of H. marismortui were predominantly regions with known flexibility, spe- (PDB code 1JJ2; L2, L3, L4, L6, L14, L15, L16, L18, L24, cies-dependent structural variations, or experimental L29, and L30), the 50S crystal structure of D. radiodurans evidence of disorder. The RNA and proteins were there- (1LNR; L5, L11, L13, L17, L19, L20, L21, L22, L23, L27, fore further cut into components/blocks in those poorly fitted regions. Among the small-subunit proteins, the correlation coefficient of S18 was the poorest. Interestingly, S18 is lobodies is shown in Figure 1 , including 43 pieces of 16S rRNA, 62 pieces of 23S rRNA, and 4 pieces of 5S rRNA. cated near S1, which is known to have very weak association with the ribosome (Laughrea and Moore, 1977) . As S1 directly interacts with S18 (Sengupta et al., 2001), The 70S Ribosomal Models in Two States it is conceivable that the detachment of S1, either parAn E. coli 70S ribosome model for the initiation-like state tially or fully, might introduce conformational changes was generated by fitting a total of 165 fragments of RNA that affect S18. In addition, those proteins that show and proteins into the 11.5 Å EM density map using the high mobility and undergo significant rearrangement, real-space refinement algorithm. As shown in Figure 2 , such as S7, S13, and S19 in the 30S subunit and L2, all of the 44 proteins, 23S rRNA, 16S rRNA, and 5S rRNA L9, and L13 in the 50S subunit, usually appear to have fit very well into the density map. The overall appearance lower correlation coefficients compared to less mobile of the model is very similar to the crystal structures from proteins. The lower correlation coefficient can be easily other species. A total of 19 proteins in the 30S subunit explained as a result of the averaging over different were fitted, most of which are near the solvent surface, conformations exhibited in the sample. except for S12, S13, and S19. bridges in the T. thermophilus 70S ribosome. In our newly generated E. coli model in the initiationsubunit and the 50S subunit separately. In the 30S subunit in both states ( Figures 3A and 3B ), the whole 16S like state, all of the earlier identified bridges are interpreted as discrete, sometimes multiple atomic contacts. rRNA is seen to be satisfactorily placed in the experimental maps, especially in the regions of the spur, beak, Table 2 lists the bridges and their constituent components from both subunits in the initiation-like complex, and shoulder, which are known to be the most different from the crystal structures of the 30S subunit ( For each bridge identified in the T. thermophilus ribo-S11, and S15, the fitting was particularly straightforward and reliable. Similarly, in the case of the 50S subunit some, there exists a counterpart in the E. coli structure. Furthermore, many bridges in E. coli are virtually identi-( Figures 3C and 3D) , the overall models are also in excellent agreement with the density maps.
cal to the bridges found in the T. thermophilus, in terms of their locations and the RNA helices and proteins inThe quality of the model was assessed with three quantitative indicators: crosscorrelation coefficient, realvolved. The high similarity suggests that the inter-subunit bridge regions are highly conserved across species, space R factor, and number of bad van der Waals contacts. Shown in Table 1 differed between the previous E. coli and T. thermophicontacts include protein S19 (B1a) and helix 22 (B7b) of the 30S subunit, protein L19 (B8), and helices 66 (B2c) lus structures is at the connection between S13 and L5, which is depicted as two distinct bridges, B1b and B1c, and 71 (B5) of the 50S subunit. In order to investigate all the conformational changes in E. coli, but only one connection was identified in T. thermophilus as B1b. However, inspection of our new in the bridge regions and the underlying mechanism, the bridges in the EF-G·GTP bound complex were also model in the initiation-like state indicates that there are no significant differences between E. coli and T. theridentified (Table 2) , based on the fitted model of the 70S ribosome in this state. A comparison of the two sets of mophilus in the S13 residues that participate in this bridge. In addition, several newly identified bridging bridges in Table 2 indicates that the changes take place , 2000) , except that the overall rotation angle is smaller than previously reported centrally located inter-subunit bridges, which anchor it to the 50S subunit. In general, going from the inner (4Њ instead of 6.5Њ). In order to quantitatively analyze the local movement of the ribosomal RNA for each residue region of the 16S RNA to the peripheral region, the displacement of the local structure gradually increases as of the RNA structure, we calculated its displacement from the initiation-like to the EF-G·GTP bound state on indicated by the change of the assigned color from blue to yellow and then red. the basis of the two fitted models. We computed a displacement map (Figure 5 ), in which each residue was The overall rotation of the 16S rRNA with respect to the 23S rRNA can be characterized in an orthogonal assigned a color according to its absolute displacement. Going from the blue to the red regions, the value of the coordinate system by three rotational angles, around the x-axis (normal to the subunit interface), the y-axis local displacement is increasing, implying an increase in the size of the movement. Overall, the movement (head to bottom), and the z-axis (shoulder to platform) with the values of 3.3Њ, 0.5Њ, and 0.7Њ, respectively. The range of 16S rRNA is between 0-10 Å ( Figure 5A ). The The path of mRNA in the 30S ribosome was proposed and S5, from the initiation-like state to the EF-G·GTP bound state ( Figure 6A ), result in an opening up of the In the EF-G·GTP bound state, it departs from the previous position by an ‫51ف‬ Å movement, thereby breaking mRNA entrance channel (Frank and Agrawal, 2000) . Similarly, the mRNA exit channel, which is located between the connection with the protruding tip of helix 38. Another region that undergoes a large conformational rehead and platform, and is surrounded by S7, S11, S18 and helices 23, 24, 28, and 45 of the 16S rRNA, becomes arrangement comprises S6, S18, and S11, which form a rather compact cluster in the initiation-like state while wider in the EF-G·GTP bound state than in the initiationlike state, clearly due to the relative movements between changing into a looser one in the EF-G·GTP bound state. S12, the only protein close to the decoding center proteins and part of the head region of 16S RNA ( Figure  6B ). S13, the protein bridging the head of the 30S subunit (Brodersen et al., 2002), is also the only known protein in the 30S subunit that interacts with EF-G (Agrawal et with the central protuberance of the 50S subunit, stands out among all the proteins of the 30S small subunit by al., 1998). S12 is therefore expected to have an important role during translocation. From the initiation-like to the displaying the largest movement. The displacement of the N-terminal region of S13 is about 12 Å between the EF-G·GTP bound state, S12 is observed to undergo a rotation by about 19 degrees toward the inter-subunit two states. In the initiation-like state, the C-terminal of S13 is close to the location of the P-site tRNA, connectspace, possibly positioning the protein such that it is able to contact EF-G. Interestingly, two independent ing with the tip of helix 38 of 23S RNA of the 50S subunit. cryo-EM data in the modeling of Tung and coworkers. One intriguing phenomenon emerging from this study concerns the 50S subunit proteins close to the subunit The Dynamics of the Inter-Subunit Bridges interface, in particular L5, L2, and L14. From the initiaBased on examination of the inter-subunit bridges idention-like to the EF-G·GTP bound state, these proteins tified in the two states, the behavior of the bridges subundergo significant local movements and rearrangements.
jected to the ratchet-like inter-subunit movement can L5 is the only protein in the 50S subunit that forms a be classified into two types: (1) bridges that are rather protein-protein bridge (B1b), with protein S13 of the 30S stable and almost unchanged and (2) bridges whose subunit. The overall movement of L5 between the initiamolecular contacts are changed or broken as they abtion-like and the EF-G·GTP bound states can be characsorb large displacements far away from the geometrical terized as a 13Њ rotation, apparently related to the large axis of rotation. The first type includes all the RNA-RNA movement of protein S13 as the subunits rotate relative bridges, such as B2a-c, B3, B5, and B7a. As the largeto each other. This large movement of L5 thus helps to scale relative motion between the 30S and 50S subunit maintain the connection between L5 and S13. Similarly, takes place, these bridges remain stable and show only proteins L2 and L14, which are involved in B5, B7b, a small (Ͻ3Å ) local rearrangement. In contrast, most of and B8, show high mobility. As discussed shortly, the the bridges involving proteins behave in quite a different movements of these proteins can be correlated with the way. A case in point is B1b, the only bridge formed by crucial dynamic role of the inter-subunit bridges during proteins, connecting S13 and L5. As both S13 and L5 translocation.
undergo large movements during the large-scale intersubunit movement, their residues involved in the B1b contacts apparently switch from one set to another ( Ta and helix 38 of the 50S subunit, and B7b is between helices 22-24 of the 30S subunit and L2 of the 50S thermophilus (Tama et al., submitted) indicated a similar subunit. The two bridges are both formed by RNA-protein interactions, and the disruptions are due to the protein side of the bridges undergoing large movements, while the RNA side is quite static. Interestingly, the two bridges (B5 and B8) that involve protein L14 show no significant change in terms both of the connection distance and the participating residues, although L14 itself undergoes a 14Њ rotation. Closer inspection reveals that the movement of the bridge is small because the bridge interaction region on protein L14 is close to the protein's rotation center.
Our results show that the inter-subunit RNA-RNA bridges in the central part of the 70S ribosome remain virtually unchanged, evidently maintaining the stability of the 70S assembly while allowing the functionally important ratchet motion to occur in response to EF-G·GTP binding. It is likely that due to the stability of the subunit connection formed by the central bridges, the ratchet motion imposes a strain on the RNA framework of the subunits that forces it to return to the "ground state" of the control. 
